Context: Glioblastoma multiforme (GBM) is an aggressive neoplasm, with controversy regarding treatment in elderly patients.
INTRODUCTION
Glioblastoma multiforme (GBM) is a brain neoplasm with aggressive behavior and a 5-year overall survival less than 5%. 1 At present, all treatment is essentially palliative, with eventual progression of disease. Current standard of care includes concurrent temozolomide (TMZ) and radiation therapy (RT) to 60 Gy in 2-Gy daily fractions, followed by adjuvant TMZ therapy. [2] [3] [4] Optimal treatment of elderly patients is controversial because of their underrepresentation in early trials. This may be the result of multiple factors, including coexisting medical conditions and poor performance status. Studies before the TMZ era in elderly patients found improved survival with RT vs supportive care alone. 5 Also, standard-dose and lower-total-dose irradiation were shown to have equivalent survival outcomes in elderly patients. 6 A shorter course of RT may be more convenient for patients without being a detriment to survival.
Results of 2 recently published Phase 3 trials suggest that TMZ alone or RT alone may be good options in treating elderly patients with GBM and good Karnofsky Performance Scores, with similar outcomes from both arms. 7, 8 Both trials found that elderly patients with O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation (mMGMT) had longer survival times than those with unmethylated MGMT (uMGMT) promoter when all were treated with TMZ alone. 7, 8 Previously, MGMT methylation has been shown to be associated with statistically significantly longer survival in patients receiving TMZ treatment. 3, 9 TMZ methylates DNA at multiple sites, including guanine at the O6 position, and unless repaired by a process with MGMT, the active drug leads to double-strand breaks. The efficacy of TMZ is thought to be related to MGMT methylation through increased drug sensitivity related to epigenetic gene silencing and enzyme inactivation. Despite this, it has not yet been widely incorporated into clinical practice (for prognosis or decision making).
Although these studies investigated outcomes from patients treated with single-modality TMZ or RT, the question remains whether concurrent TMZ with RT would be of further benefit to elderly patients. Results of existing studies looking at elderly patients given concurrent TMZ-RT suggest reasonable toxicities and a possible benefit of TMZ with RT; however, they are limited by either small numbers or lack of MGMT data, [10] [11] [12] [13] [14] [15] [16] or are contradictory, with Niyazi et al 17 finding that patients aged 70 years and older with lower Karnofsky Performance Scores might have worse outcomes if given TMZ. Results of a handful of studies also suggest that TMZ with an abbreviated course of RT or hypofractionated regimen may have similar outcomes as standard RT. [18] [19] [20] [21] Our study presents a review of our institution's data of patients aged 65 years and older with newly diagnosed GBM who were treated with concurrent TMZ-RT, with standard-course RT (SRT) or abbreviated-course RT (ART). The latter typically is used for patients with worse prognostic factors. We also present MGMT data, available for a subset of our patients.
METHODS

Patients and Data Analysis
A retrospective review was conducted after obtaining permission from our institutional review board. We included patients aged 65 years or older treated with concurrent TMZ and RT for newly diagnosed GBM and treated at Kaiser Permanente Los Angeles Medical Center, Los Angeles, CA. Patients' clinical presentation (symptoms, neurologic status, Karnofsky Performance Score status), tumor characteristics (maximum tumor dimension and focality), degree of resection (according to the operative report), treatment, and outcomes were noted. The Radiation Therapy Oncology Group (RTOG) recursive partitioning analysis status was determined via chart review. 22, 23 For patients aged 70 years and older, recursive partitioning analysis classification is limited to Classes IV, V, or VI, but Classes IV and V are differentiated only by working status. Because most of our patients were retirees, Classes IV and V were merged into 1 group for the purposes of the study. Survival time was calculated from date of tissue diagnosis to death (the latter via the US Social Security Death Index or the patient's medical record). We did not note progression because of the retrospective nature of the study and variable imaging times. Statistical analysis was conducted using GraphPad Prism 6.0 (GraphPad Software Inc, La Jolla, CA) and SAS (SAS Institute Inc, Cary, NC). Variables included in statistical analysis were radiation course, recursive partitioning analysis class, Karnofsky Performance Score (≤ 70 or > 70), tumor focality, extent of resection, up-front bevacizumab administration, and age. Survival times and significance were calculated using KaplanMeier analysis with univariate log-rank test and multivariate analysis with Cox proportional hazards model.
Treatment
All patients had histologically proven GBM via biopsy or subtotal resection or gross total resection. The extent of resection was decided by the operating neurosurgeon. Radiation therapy was delivered Monday through Friday using linear accelerators with an energy of 6 mV. Recipients of SRT received a median dose of 60 Gy in 2-Gy daily fractions. A planning computed tomographic scan was fused with magnetic resonance imaging, and depending on the individual case, the area of edema (determined by magnetic resonance imaging with fluid-attenuated inversion recovery) plus the surgical margin was treated to 60 Gy or to 46 Gy of radiation followed by field reduction to a smaller volume of contrast enhancement plus the margin to an additional 14 Gy, totaling 60 Gy for the smaller volume. Recipients of ART received a median dose of 35 Gy in 3.5-Gy daily fractions. Most patients were treated with 3-dimensional conformal RT (75%), with intensitymodulated RT, standard since about 2010. TMZ-based chemotherapy was given according to the trial by Stupp et al, 2, 3 in terms of dose and timing. Patients also received additional systemic agents (bevacizumab or carmustine wafers) depending on physician preference, as detailed in Table 1 .
RESULTS
All Patients
From 2003 to 2012, we identified 129 patients who were age 65 years or older with newly diagnosed, histologically proven GBM. Of these, 100 patients were treated with SRT and 29 patients with ART. Promoter hypermethylation data for MGMT, via methylation-specific polymerase chain reaction, was available for 30% of patients. Overall median age was 70 years (range = 65 to 93 years), and median follow-up time was 11 months (range = 1.7 to 71.8 months).
The most common presenting symptoms were altered mental status (38.8%), followed by headache and change in motor function (both 31.8%), seizures (22.5%), changes in vision (13.2%), and sensory changes (7.8%). Gross total resection was performed in 24.8% of patients; subtotal resection, in Figure 1 ), all having received SRT. As expected, the group that received ART had worse prognostic factors (see Abbreviated-Course Radiation Therapy section). Otherwise, the groups were relatively similar in clinical characteristics (Table 1) . Kaplan-Meier analysis with the log-rank test showed statistically significantly higher median survival time with SRT (p < 0.0001). In addition, the log-rank test showed higher median survival times for recursive partitioning analysis Class IV/V compared with Class VI (p = 0.0413), as well as for those with Karnofsky Performance Scores above 70 (p = 0.0013), those who underwent resection rather than biopsy (p = 0.0007), and those patients not given bevacizumab (with TMZ) as initial treatment (p = 0.0033). The MGMT status was not significant on log-rank for the entire cohort, but it became a significant factor when tested separately in the SRT and ART groups. When these variables, as well as age, were included in multivariate analysis, only RT course (SRT hazard ratio [HR] = 0.421, p = 0.0001), Karnofsky Performance Score (≤ 70 HR = 1.894, p = 0.0031), and resection rather than biopsy (gross total resection: HR = 0.466, p = 0.0023; subtotal resection: HR = 0.455, p = 0.0003) were significant according to the Cox proportional hazards model. Age was not a significant factor. The median survival time for patients with Karnofsky Performance Scores above 70 was 13 months vs 7.4 months for those with scores of 70 or below. The median survival time for patients who underwent biopsy was 6.13 months vs 13.3 months for those who underwent subtotal resection and 14 months for patients who underwent gross total resection. More complete data regarding RT course and MGMT data are reported separately as below.
Standard-Course Radiation Therapy
The median age of patients treated with SRT was 69 years (range = 65 to 93 years). Most patients received 60 Gy in 30 fractions (range = 50.4 to 64.08 Gy). All but 1 patient received partial brain irradiation. In addition to TMZ, 16% received bevacizumab as part of initial therapy, and 6 patients had carmustine wafers implanted at the time of surgery. The median time to death was 13 months (range = 2 to 72 months). Salvage (rescue) chemotherapy was given to 56% of SRT recipients. Four patients received repeated irradiation to treat a recurrence. The median time from salvage therapy to death for SRT recipients was 7.3 months (range = 0.3 to 30 months). Overall survival at 1 year was 54% and at 2 years was 17%. See Table 2 for outcomes data comparing SRT and ART.
On univariate analysis, the median survival time was significantly longer for patients not given bevacizumab as part of initial treatment (p = 0.0216) and for patients who received gross total resection or subtotal resection vs biopsy (p = 0.0024). On multivariate analysis, both bevacizumab (HR = 1.896, p = 0.0268) and degree of resection (gross total resection: HR = 0.451, p = 0.003; subtotal resection: HR = 0.481, p = 0.0033) remained significant variables affecting 
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Abbreviated-Course Radiation Therapy
The median age for patients treated with ART was 75 years (range = 66 to 87 years). Compared with patients treated with SRT, recipients of ART had lower Karnofsky Performance Scores (≤ 70 for 51% vs > 70 for 18%, p = 0.0002), fewer gross total resections (7% vs 30%, p = 0.011) and higher recursive partitioning analysis (Class VI/V 87.6% vs Class V 12.4%, p = 0.0003). Most patients received 35 Gy in 10 daily fractions (range = 20 to 42 Gy). Field of treatment consisted of partialbrain irradiation for 59% of patients, whereas 41% received whole-brain irradiation. The median time to death was 5.4 months (range = 1.7 to 30 months). More ART recipients received concurrent bevacizumab as first-line treatment (16% vs 31%, p = 0.07) compared with those in the SRT group. One patient had carmustine wafers implanted. Only 24% received salvage chemotherapy, and none received repeated irradiation. Median time from salvage to death for ART patients was 6.6 months (range = 1.4 to 9.7 months). Overall survival at 1 year was 8% and at 2 years was merely 1%.
By univariate analysis, median survival time was significantly longer for patients with Karnofsky Performance Scores above 70 (p = 0.0073), uMGMT promoter (p = 0.021), and unifocal disease (p = 0.0026). The extent of resection and bevacizumab treatment were not significant variables, in contrast to the SRT group. After multivariate analysis, only Karnofsky Performance Score (≤ 70: HR = 3.312, p = 0.0074) and tumor focality (multifocality: HR = 4.259, p = 0.0031) were significant.
06-Methylguanine-DNA Methyltransferase Promotor Status
Data on MGMT were available for 39 patients (26 SRT and 13 ART). Log-rank analysis of MGMT status for all patients did not show significantly different survival times (p = 0.5412). However, methylation status was significantly associated with outcomes for patients when data were analyzed separated by the RT course given. For patients whose MGMT status was known, the SRT group had more gross total resections compared with those in the ART group (p = 0.0272), more cases of recursive partitioning analysis Class VI (p = 0.0620), and more patients treated with bevacizumab up front (p = 0.0597). Median age was similar, and Karnofsky Performance Score was slightly lower (median Karnofsky Performance Score = 90 for ART vs 80 for SRT). Of the 26 SRT patients for whom MGMT data were known, 7 had mMGMT status and 19 had uMGMT status. Patients given SRT with mMGMT status had a trend toward longer survival times compared with those with uMGMT status: 28.4 months (range = 3.4 to 57.9 months) vs 10.3 months (range = 3.5 to 49.7 months, p = 0.0602, Figure 2 ). Median age was slightly higher in the SRT group for patients with mMGMT status than for those with uMGMT status (75 vs 69 years); otherwise, there were no significant differences by recursive partitioning analysis class, Karnofsky Performance Score, surgery type, or radiation dose.
Of the 13 ART patients with MGMT data, 6 had methylated and 7 had unmethylated status. Paradoxically, patients treated with ART actually had significantly shorter survival if promoter methylation was present. Time to death for patients with mMGMT status was 3 months (range = 1.7 to 8.6 months) vs 14.5 months (range = 2.2 to 14.5 months) for those with uMGMT (p = 0.021). In the ART group, patients with mMGMT status did not differ significantly from those with uMGMT status in potential prognostic factors.
DISCUSSION
Recent large randomized trials have investigated outcomes for elderly patients with newly diagnosed GBM treated with TMZ alone or RT alone, but not combined. Current guidelines for GBM management from the National Comprehensive Cancer Network have treatment arms stratified by performance status but have a range of options for patients over age 70 years who have Karnofsky Performance Scores of 70 or higher; these options include either concurrent Elderly Patients with Glioblastoma Multiforme Treated with Concurrent Temozolomide and Standard-versus Abbreviated-Course Radiotherapy treatment with TMZ-RT, hypofractionated RT alone, or TMZ therapy alone (if MGMT promoter is methylated). 24 Barker et al 11 looked at 291 patients aged 65 years and older who were treated with RT with or without chemotherapy and found that 2-year overall survival was significantly improved with TMZ: 14% vs 41%. Findings of other retrospective studies of elderly patients given combined-modality therapy suggest good tolerance of treatment. 11, 12, 14, 16 According to our study of elderly patients with a range of Karnofsky Performance Scores, concurrent therapy with TMZ and standard-dose RT appeared to offer reasonable survival outcomes, with a median survival time of 13 months. Patients with multiple poor prognostic factors given ART had shorter survival times, with a median survival of 5.4 months. Multivariate analysis of prognostic factors suggested that SRT, Karnofsky Performance Score above 70, and more extensive resection are associated with better survival outcomes. For patients who received SRT, treatment with bevacizumab was associated with a shorter time to death, possibly confounded by SRT recipients given bevacizumab having lower Karnofsky Performance Scores to begin with. In both RTOG0825 and AVAglio, the addition of bevacizumab to treatment with TMZ and radiation found no significant difference in the duration of overall survival between bevacizumab and placebo, although progression free survival was improved with bevacizumab in the latter study. 25, 26 Bevacizumab was not a significant variable on multivariate survival analysis for the entire cohort but may be a relevant area of study to further investigate its impact on older patients with GBM. Our study is limited by its retrospective nature, treatment by multiple providers, and the small number of patients for whom MGMT data are available.
Before TMZ was introduced, an abbreviated course of RT with a smaller dose of total radiation was suggested as treatment of GBM in elderly patients. Keime-Guibert 5 found that compared with supportive care alone, RT (50 Gy) modestly improved survival without reducing quality of life or cognition in elderly patients with high-grade gliomas and good Karnofsky Performance Scores. Roa et al 6 looked at elderly patients with Karnofsky Performance Scores of 50 or higher given a standard course of RT (60 Gy in 30 fractions) vs short-course irradiation (40 Gy in 15 fractions) and found decreased corticosteroid use and no significant difference in survival. In the trial by Stupp et al, 2,3 30% of patients were age 60 to 70 years. In this subset of patients, median survival was similar to or slightly better for patients receiving RT alone vs chemoradiation therapy, although patients treated with TMZ had better overall survival over time because of a small subset of surviving patients. In the 2 largest Phase 3 trials focusing specifically on elderly patients (age 65 years or older), single-modality TMZ and RT each appears equally efficacious. The German Cancer Society Neuro-Oncology Working Group 7 found that dose-dense TMZ was not inferior to standard-dose RT, and health-related quality-of-life surveys were similar for both groups. The Nordic Clinic Brain Tumour Study group 8 looked at single-modality treatment with TMZ, standard-dose RT, or hypofractionated RT regimen. TMZ treatment alone had significantly better survival outcomes compared with standard RT but was equal to treatment with hypofractionated radiation. There was a trend for patients over age 70 years to have improved survival with TMZ treatment alone. In both studies, patients with mMGMT (vs uMGMT) promoter who were treated with TMZ had significantly improved survival. Given concerns about the ability of elderly patients to tolerate concurrent treatment, neither study looked at concurrent chemoradiation therapy and thus did not provide data on how methylation status affects patients given both TMZ and RT. In our study, mMGMT status appeared beneficial for patients treated with SRT, although it probably did not reach statistical significance because of small numbers of patients. Interestingly, this was not true for patients treated with ART, in which patients with uMGMT status actually had better survival rates. It seems unlikely that methylation would be related to worse prognosis in these patients; rather, it is more likely that given the multiple poor prognostic factors and lower radiation dose in these patients, MGMT status may be less predictive compared with other prognostic factors when concurrent treatment with TMZ and RT is given. When we compared the two groups that had MGMT data, ART recipients had significantly fewer gross total resections, and there were more patients with recursive partitioning analysis Class VI, although this was not statistically significant.
Given the length of standard-dose RT, hypofractionation or an abbreviated course of RT is attractive for patient convenience and comfort, possibly with as few as 6 fractions of treatment. 27 Pilot and Phase 2 studies looking at hypofractionated courses of RT with TMZ have typically excluded elderly patients, but they show similar outcomes compared with SRT. [27] [28] [29] [30] Hypofractionation studies that included elderly patients lack MGMT data but suggest similar outcomes with hypofractionated courses compared with standard RT. 18, 19, 31 Further studies on hypofractionation and concurrent and adjuvant TMZ therapy in elderly patients with good prognostic factors will, we hope, shed more light on the interplay of MGMT status and concurrent treatment for this subset of patients.
CONCLUSION
In our study, patients aged 65 years and older with newly diagnosed GBM had good outcomes when treated with SRT and concurrent TMZ, whereas patients with poor prognostic factors treated with ART and TMZ had shorter survival times. Methylated MGMT promoter status trended toward longer survival in SRT recipients, but may not be as useful in predicting outcomes for patients with worse prognostic factors treated with ART. Further investigation of the effect of bevacizumab on older patients with GBM is warranted. In the future, stratifying patients by MGMT status, as well as prognostic factors, and adapting treatment (with consideration of hypofractionated radiation regimen) on the basis of these factors would probably offer patients a better balance of treatment while minimizing toxicity. v
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